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ABSTRACT
Using 8.4 years of photometry from the AllWISE/NEOWISE multi-epoch catalogs, we compare
the mid-infrared variability properties of a sample of 2197 dwarf galaxies (M⋆ < 2 × 10
9 h−2M⊙)
to a sample of 6591 more massive galaxies (M⋆ ≥ 10
10 h−2M⊙) matched in mid-infrared apparent
magnitude. We find only 2 dwarf galaxies with mid-infrared variability, a factor of ∼ 10 less frequent
than the more massive galaxies (p = 6×10−6), consistent with previous findings of optical variability in
low-mass and dwarf galaxies using data with a similar baseline and cadence. Within the more massive
control galaxy population, we see no evidence for a stellar mass dependence of mid-infrared variability,
suggesting that this apparent reduction in the frequency of variable objects occurs below a stellar
mass of ∼ 1010 h−2M⊙. Compared to the more massive galaxies, AGNs selected in dwarf galaxies
using either their mid-infrared color or optical emission line classification are systematically missed by
variability selection. Our results suggest, in agreement with previous optical studies at similar cadence,
that variability selection of AGNs in dwarf galaxies is ineffective unless higher-cadence data is used.
Keywords: Active galaxies — Dwarf galaxies — Infrared galaxies
1. INTRODUCTION
Over the past several decades, it has become clear
that a large fraction of active galactic nuclei (AGNs)
are missed by optical spectroscopic, mid-infrared, X-ray,
and radio surveys due either to obscuration of the central
engine, or dilution of the AGN emission from star for-
mation in the host galaxy (e.g., Goulding & Alexander
2009; Trump et al. 2015; Satyapal et al. 2018). This is
a significant deficiency, particularly in dwarf galaxies,
since the massive black hole (MBH: MBH > 10
2 M⊙)
occupation fraction and mass distribution in the low
galaxy mass regime may place important constraints on
models of supermassive black hole (MBH > 10
6 M⊙)
“seed” formation (e.g., Volonteri & Natarajan 2009;
Volonteri & Begelman 2010; van Wassenhove et al.
2010; Greene 2012). Moreover, given the expected
mass range of MBHs in dwarf galaxies (∼ 104M⊙ -
106M⊙), mergers between MBHs in dwarf galaxies may
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be detected out to high-redshift by the Laser Interferom-
eter Space Antenna (LISA; Amaro-Seoane et al. 2012,
2013). The identification of AGNs in dwarf galaxies is
especially challenging because the AGN luminosity is
typically low compared with the star formation rate,
diluting optical line emission from the AGN narrow
line region with nebular emission near starbursts (e.g.,
Trump et al. 2015). X-ray AGN selection is similarly
impacted, as the X-ray luminosities from AGNs pow-
ered by MBHs are often comparable to expectations
from high-mass X-ray binaries (HXMBs) and ultralumi-
nous X-ray sources (ULXs), which generally have X-ray
luminosities below 1041 erg s−1 (e.g., Mineo et al. 2012;
Kaaret et al. 2017).
Mid-infrared AGN selection, which since the ad-
vent of the Wide-field Infrared Survey Explorer (WISE ;
Wright et al. 2010) has allowed for the identification
of millions of AGNs (Secrest et al. 2015a; Assef et al.
2018; Jin et al. 2019; Shu et al. 2019) has shown poten-
tial for finding AGNs in the low stellar mass regime (e.g.,
Satyapal et al. 2014; Secrest et al. 2015b; Sartori et al.
2015; Kaviraj et al. 2019). However, extreme star-
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bursts may mimic AGN activity in the mid-infrared
(e.g., Hainline et al. 2016), a consequence of high ion-
ization parameter U and/or gas column density NH
(Satyapal et al. 2018), leading to discrepant results
when using mid-infrared color diagnostics to select
AGNs in dwarf galaxies (e.g., Lupi et al. 2020). The
low gas-phase metallicities of dwarf galaxies may also
complicate AGN selection, as emission line ratios are
sensitive to metallicity and an AGN in a low-metallicity
environment may have the same emission line ratios
as a low-metallicity starburst (e.g., Groves et al. 2006;
Cann et al. 2019). Low metallicity may also lead to sig-
nificant enhancement in the HMXB population (e.g.,
Brorby et al. 2014), complicating efforts to use a star
formation rate-dependent AGN X-ray luminosity selec-
tion cut based on relations found for larger galaxies (e.g.,
the relation of Lehmer et al. 2010). Finally, at the low-
est black hole masses (MBH . 10
4 M⊙) the hardening
of the accretion disk spectral energy distribution (SED)
may preclude optical emission line-based AGN selection
altogether (Cann et al. 2019).
An additional method to identify AGNs is to search for
luminosity variability. AGNs have long been known to
be variable at every wavelength, with time scales ranging
from hours to years (e.g., Ulrich et al. 1997; Sesar et al.
2007; MacLeod et al. 2010; Koz lowski et al. 2016). The
cause of the variability is possibly related to instabili-
ties in the accretion disk or surface temperature fluctu-
ations (e.g., Ruan et al. 2014). Variability selection is
potentially promising for finding MBHs in dwarf galax-
ies, where the host galaxy emission may dominate the
total luminosity (e.g., Trump et al. 2015). For exam-
ple, Koz lowski et al. (2010) found that lower luminosity
AGNs exhibiting mid-infrared variability in the Spitzer
Deep Wide-Field Survey (Ashby et al. 2009) sometimes
showed bluer, galaxy-like [3.6µm]− [4.5µm] colors out-
side of the Stern et al. (2005) AGN selection wedge. Ad-
ditionally, variability has been found to be stronger in
lower luminosity AGNs (Trevese et al. 1994). Variabil-
ity may therefore provide a method of AGN selection
free of some of the biases against low-luminosity AGNs
inherent to other selection techniques, enabling a more
complete AGN census.
Recently, Baldassare et al. (2018) identified 135
galaxies with AGN-like optical variability using
Sloan Digital Sky Survey (SDSS; York et al. 2000) data
in the Stripe 82 field. They found that in the dwarf
galaxy population, a significant fraction of the variable
sources are not identified as AGNs based on their nar-
row line ratios, demonstrating that variability can re-
veal AGNs missed by other selection techniques in the
low-mass, low-metallicity regime. Using the High Ca-
dence Transit Survey (HiTS Mart´ınez-Palomera et al.
2018), Mart´ınez-Palomera et al. (2020) find hundreds of
galaxies with candidate variable AGNs, but the vast ma-
jority of them (94.3%) do not show AGN-like optical
emission line ratios, further supporting the use of vari-
ability as a means of selecting AGNs otherwise missed
by conventional selection techniques.
Mid-infrared variability may offer a new window in
which to search for AGNs that elude detection through
other selection methods. Since the UV and optical emis-
sion produced by the accretion disk is absorbed by sur-
rounding dust and re-radiated in the mid-infrared, flux
variations in the accretion disk will produce variabil-
ity in the mid-infrared, with a time lag corresponding
to the distance and geometric distribution of the dust.
Mid-infrared variability studies have unique advantages
over optical variability studies. They are less sensitive
to optically-obscured and Compton-thick AGNs, which
are a significant percentage of the nearby low-luminosity
AGN population as shown using recent hard X-ray
NuSTAR observations (e.g., Annuar et al. 2015, 2017;
Ricci et al. 2016). Indeed, recent Spitzer data reveal
that only 23% of the mid-infrared variable sources are
identified by soft X-ray surveys (Polimera et al. 2018).
In addition, because the SEDs of SNe are fainter in the
mid-infrared (Smitka 2016), mid-infrared variability se-
lection is less affected by supernovae contamination than
optical variability selection.
With the continued operation of WISE, it is now
possible to conduct systematic studies of mid-infrared
variability in large samples of galaxies. WISE ini-
tially mapped the sky in four passbands: W1 (3.4µm),
W2 (4.6µm), W3 (12µm), and W4 (22µm) between
2010 January 7 and 2010 August 6. After depleting the
solid hydrogen in its outer cryogen tank, WISE con-
tinued surveying the sky in W1, W2, and W3, before
running out of cryogen completely and continuing onto
a post-cryo survey in W1 and W2 from 2010 Septem-
ber 29 to 2011 February 1 as part of the Near-Earth
Object Wide-field Infrared Survey Explorer mission (NE-
OWISE; Mainzer et al. 2011).1 After a 3 year hiberna-
tion, WISE resumed surveying the sky in W1 and W2
on 2013 December 23 for the NEOWISE Reactivation
mission (NEOWISE-R Mainzer et al. 2014), resulting in
a total baseline of over 8 years.
In this paper, we conduct the first systematic mid-
infrared variability study of dwarf galaxies. The main
goal of this paper is to determine the mid-infrared vari-
ability characteristics of dwarf galaxies compared to
1 http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec1 2.html#phases
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more massive galaxies. In Section 2, we describe our
sample selection, mid-infrared data, and variability met-
rics. We discuss our results in Section 3, which includes
a comparison with other AGN selection methods. We
give our main conclusions in Section 4.
2. METHODOLOGY
2.1. Dwarf and Control Galaxy Samples
We produced a sample of galaxies from the NASA-
Sloan Atlas (NSA), version v1 0 1,2 which differs from
the original NSA catalog v0 1 23 in that it contains
sources out to a redshift of < 0.15 and improved pho-
tometry through the use of elliptical Petrosian magni-
tudes. The NSA catalog uses photometry from SDSS
images produced with the improved sky background
subtraction method described in Blanton et al. (2011),
and includes aperture-matched ultraviolet photometry
from the Galaxy Evolution Explorer (GALEX ). Stellar
masses in the NSA catalog are fit using the five tem-
plates of Blanton & Roweis (2007), which were derived
from a basis set of stellar population synthesis models
from Bruzual & Charlot (2003). NSA catalog stellar
masses are widely used in galaxy studies, including in
studies of AGNs in dwarf galaxies (Reines et al. 2013;
Secrest et al. 2015b; Lemons et al. 2015; Hainline et al.
2016; Baldassare et al. 2017, 2018; Dickey et al. 2019;
Reines et al. 2020).
We cross-matched the entire NSA catalog, which con-
tains 641 409 entries, to the AllWISE catalog to within
the default 10′′ for completeness, returning 637 098
unique matches. We created a volume-limited sample
of dwarf galaxies by selecting only galaxies with a he-
liocentric redshift greater than 0.02 to minimize the ef-
fect of their peculiar velocities on their distance esti-
mates, and a redshift less than 0.03, below which the
sample is unbiased for galaxies with an absolute r-band
magnitude less than −17. We use a stellar mass cut of
M⋆ < 2 × 10
9 h−2M⊙. In order to compare the inci-
dence and characteristics of mid-infrared variable dwarf
galaxies to more massive galaxies, we additionally made
a sample of galaxies with a stellar mass greater than
1010 h−2 M⊙. However, in the redshift range of our
dwarf galaxy sample the WISE photometry of larger
galaxies is extended, with 90% of measurements hav-
ing a profile-fit photometry reduced χ2W1 greater than
12.2. To ensure accurate and comparable flux measure-
ments between dwarf galaxies and their controls, we
chose control galaxies with redshifts between 0.13 and
2 https://www.sdss.org/dr16/manga/manga-target-selection/nsa
3 http://www.nsatlas.org/data
0.14, with an r-band absolute magnitude cut of −20.7.
Ninety percent of the measurements in this sample have
χ2W1 < 3.5. We note that M⋆ < 2 × 10
9 h−2M⊙ is
log10(M⋆/M⊙) < 9.6 using h = 0.73, as in Reines et al.
(2013), so the dwarf galaxies we study in this work are
comparable in stellar mass to those in the Reines et al.
(2013) sample.
We retrieved the AllWISE Multiepoch Photometry
(AllWISE MEP) Table and the NEOWISE-R Single Ex-
posure (L1b) Source Table data by matching on the co-
ordinates of the AllWISE counterparts to within 3′′,4
although for the AllWISE MEP sources the offset from
the AllWISE catalog is exactly zero for true counter-
parts. As the individual measurements in the AllWISE
MEP and NEOWISE-R are shallower than the AllWISE
catalog, detections at faint magnitudes appear brighter
than in the AllWISE catalog because of the Edding-
ton bias (Mainzer et al. 2014), and this bias affects the
shallower W2 band more than W1. For our pool of
potential control galaxies, fewer than 5% of them have
AllWISE W2 > 14.5 mag, so we cut both our dwarf
galaxy sample and control pool to those above this value.
For W2 = 14.5, the maximum deviation from the All-
WISE magnitude detectable in the AllWISE MEP and
NEOWISE-R data is about ∼ 1 mag. To remove the Ed-
dington bias from our samples, we do not admit single-
epochW2 measurements more than 1 mag from the All-
WISE catalog value.
We additionally performed two quality control cuts.
First, a small percentage (∼ 0.9) of our sample have
large differences (> 0.5 dex) between their Se´rsic masses
and their elliptical Petrosian masses, which can occur
when the galaxy is cut off in its SDSS image. We re-
moved these sources. Second, we cross-matched the All-
WISE source coordinates of our sample to SDSS DR12
to within 10′′ using topcat (Taylor 2005),5 version 4.7,
returning the closest match for each source. We found
that for sources with a larger NSA-AllWISE positional
offset than their SDSS-AllWISE offset, removing objects
with an NSA-SDSS offset greater than 1′′ cleanly re-
moves spurious AllWISE counterparts. After perform-
ing these quality control cuts, we were left with 2199
dwarf galaxies and a pool of 31 716 potential controls,
from a starting sample of 2462 dwarf galaxies and 32 577
potential controls.
The sensitivity of any metric to variability scales in-
versely with the signal-to-noise (S/N) of the data (e.g.,
Koz lowski et al. 2016, Figure 1), and so we produced a
4 http://wise2.ipac.caltech.edu/docs/release/neowise/expsup/sec2 1a.html#allwise cntr
5 http://www.star.bris.ac.uk/∼mbt/topcat
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final sample of control galaxies matched to our dwarf
galaxy sample in the following manner: for each dwarf
galaxy, we determined the number of control galaxies
available within some magnitude tolerance ∆W1 such
that every dwarf galaxy has the same number of con-
trols and all controls are unique. We chose the W1
band because differences in W1 − W2 for extragalac-
tic objects are generally a result of brighter W2 rel-
ative to W1 (redder W1 − W2), which does not bias
against sensitivity to variability in W2. We found that
choosing a tolerance of ∆W1 ± 0.05 mag produces a
sample of 6591 controls matched to 2197 dwarf galax-
ies, where there are two fewer dwarf galaxies than we
initially selected in Section 2.1 because the bins are cen-
tered around the dwarf galaxy magnitudes and so the
two faintest dwarf galaxies got cut. The meanW1 mag-
nitude for the control and dwarf galaxies is 14.198±0.005
mag and 14.198±0.008 mag, and a KolmogorovSmirnov
(K-S) test gives p = 1.0, indicating that there is no bias
in our variability metrics in the dwarf sample relative
to the higher mass control galaxies caused by brightness
differences.
Finally, as the dwarf galaxies and controls are sepa-
rated in redshift by ∼ 0.1, we estimate their AllWISE
magnitude K corrections by doing SED decomposition
using their Galactic extinction-corrected optical pho-
tometry from the NSA catalog and their AllWISE cat-
alog photometry. We use the SED-fitting code em-
ployed in Powell et al. (2018) and Pfeifle et al. (2019)
with the AGN and galaxy templates from Assef et al.
(2010). The K corrections are calculated as the differ-
ence between the observed-frame WISE magnitudes of
the rest-frame and redshifted best-fit linear combina-
tion of templates. These corrections are then applied to
the observed catalog magnitudes. The AllWISE colors
W1−W2 andW2−W3 given throughout this work are
rest-frame.
2.2. Variability Analysis
We explored several non-parametric variability met-
rics commonly employed in the literature. We calcu-
late the variances, covariances, and Pearson r as in
Koz lowski et al. (2016), equations 1–3, the amplitude of
variability following Sesar et al. (2007), equation 4 (see
also Rakshit et al. 2019), and the combined significance
of variances in W1 and W2 following Koz lowski et al.
(2016, Equation 4). To account for additional sys-
tematic uncertainty in the WISE magnitudes, we add
0.024 mag and 0.028 mag in quadrature to the formal
W1 and W2 band uncertainties (Jarrett et al. 2011).
During our preliminary inspection of the light curves
of objects exhibiting variability according to some of
these metrics, we found photometric outliers in some
of the single measurements that led to potential false
positives. To address this, we exploited the fact that
the single 7.7-second W1 and W2 measurements of a
given source are strongly clustered in time because of
the WISE scanning pattern (Wright et al. 2010, Sec-
tion 2.1). We binned single measurements into ±10 day
“epochs”, and rejected outliers by removing measure-
ments deviating by more than 3 standard deviations
from the median magnitude of the epoch. To robustly
estimate the standard deviation, we used the median
absolute deviation (e.g., Huber 1981), and the calcula-
tion of the median is weighted by the inverse variance
of the data to account for differing measurement un-
certainties. The total number of single measurements
per epoch and the length of time between the first and
last measurement depend on ecliptic latitude, but for
our dwarf and control samples these are on average 11
measurements over 2 days,6 We note that since the mid-
infrared emission arises from spatial scales much larger
than the optical and UV accretion disk emission, short
term variability is expected to be “smoothed out” in the
reprocessed mid-infrared emission from the dust, a re-
sult that is confirmed in previous mid-infrared variabil-
ity studies (Koz lowski et al. 2016, 2010; Rakshit et al.
2019).
With variability metrics calculated for the cleaned
data, we found that the distribution of Pearson correla-
tion coefficients r betweenW1 andW2 follows a normal
distribution below a value +0.3, with a mean of +0.06
and a standard deviation of 0.09 (Figure 1). After con-
sidering several variability metrics, we chose Pearson’s
r to minimize false positives and produce a sample of
candidate variables:
r =
Cm1,m2
σm1σm2
, (1)
where Cm1,m2 is the covariance between the first and
second bands (i.e., W1 and W2) for N single measure-
ments of an individual source:
Cm1,m2 =
1
N − 1
N∑
i
(m1,i−〈m1〉)× (m2,i−〈m2〉), (2)
and σm1 , σm2 are the variability amplitudes:
6 The 5σ sensitivity of WISE over 11 measurements is 17.11 mag
in W1 and 15.66 mag in W2 (Wright et al. 2010). with a mean
interval between measurements of 0.20 days. Fewer than 0.1% of
epochs are longer than 7.2 days, and the median time separating
them is 188 days. The total duration of time between the first
measurement in the first epoch to the last measurement in the
last epoch is on average 3060 days, or 8.4 years.
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Figure 1. Distribution of the Pearson correlation coefficient
between W 1 and W 2, with the sub-samples of dwarf galaxies
and their controls labeled. Below a value of +0.3, the dis-
tribution is normally-distributed (dashed line). We choose
a cut of Pearson > +0.4 (vertical line) to select candidate
variables.
σ2m =
1
N − 1
N∑
i
(mi − 〈m〉)
2, (3)
where mi is the magnitude of the source during epoch
i, and 〈m〉 is the mean magnitude of the source in the
given band. We chose a cut of r ≥ +0.4, which con-
tains the majority of the non-Gaussian tail of potential
variables (Figure 1) and produced a sample of reason-
able size for manual inspection. In manually inspecting
the light curves, we randomly mixed the dwarf and con-
trol galaxy light curves together to avoid cognitive bias,
and to err on the side of caution we did not include
light curves with variability only between the AllWISE
MEP data and the NEOWISE-R data in our final sam-
ple of bona fide variable light curves. While there are
undoubtedly objects for which significant variability oc-
curred only during the lacuna between the epochs of the
AllWISE MEP and NEOWISE-R data, we required that
there be variability within either the AllWISE MEP or
NEOWISE-R data individually.
3. RESULTS
Two of the 2197 dwarf galaxies in our sample are
variable in the mid-infrared, or 0.09+0.20
−0.07% where the
margins correspond to the 90% confidence interval and
are calculated using binomial statistics. By comparison,
66 of the 6591 more massive control galaxies are vari-
able, or 1.00+0.23
−0.19%, consistent with the findings of other
mid-infrared variability studies targeting larger galaxies
(e.g., Koz lowski et al. 2010, 2016; Polimera et al. 2018).
The null hypothesis that the dwarf galaxies are as vari-
able as these controls has a p-value of 6× 10−6. Larger
galaxies with M⋆ ≥ 10
10 h−2M⊙ therefore exhibit mid-
infrared variability about ten times more frequently than
dwarf galaxies with M⋆ < 2 × 10
9 h−2M⊙. Within the
control galaxy population, we find no evidence of a sys-
tematic difference in stellar mass between variable and
non-variable sources, with mean stellar masses of (3.47±
0.19) × 1010 h−2M⊙ and (3.82 ± 0.03) × 10
10 h−2M⊙,
respectively. A two-sample K-S test between the stel-
lar masses of variable and non-variable control galaxies
gives p = 0.62. This strongly suggests that the decre-
ment of variable sources seen in the dwarf galaxy popu-
lation occurs somewhere in the low-mass galaxy regime,
between 2× 109 h−2M⊙ and 10
10 h−2M⊙.
Additionally, while we see a mild inverse correlation
between stellar mass and variability amplitude σ (e.g.,
Koz lowski et al. 2016, Equation 1) in the controls, this
correlation is very weak (Pearson r = −0.3). The mean
σW1, σW2 is 0.08± 0.01, 0.18± 0.01 mag for the dwarf
galaxies and 0.11 ± 0.01, 0.14 ± 0.01 mag for the con-
trols. The variability amplitude is therefore of similar
magnitude for both the dwarf galaxies and their con-
trols. We show the mid-infrared light curves for the
two variable dwarf galaxies in Figure 2. While only one
galaxy has AGN-like W1−W2 color, both galaxies ex-
hibit a redder-when-brighter trend, consistent with in-
creasing AGN activity increasing the dominance of the
AGN over its host galaxy.
3.1. Relationship with Mid-Infrared Color
In Table 1, we give the number of dwarf galaxies
and controls with W1 − W2 ≥ 0.8 mag, where the
mid-infrared color is generally dominated by the AGN
(Stern et al. 2012). The percentage of all dwarf galaxies
with W1 −W2 ≥ 0.8 is statistically indistinguishable
from their controls (p = 0.30). With only two vari-
able dwarf galaxies, however, there is little constraint
on what percentage of them have W1 − W2 ≥ 0.8,
but for the controls this value is between 28%–48%.
As these are 90% confidence intervals, this addition-
ally suggests that the reddest sources are not necessar-
ily the most variable, and that mid-infrared variabil-
ity serves as an additional method of AGN selection.
Taken as a whole, of the 68 total variable objects be-
tween the dwarf galaxies and the more massive controls,
26 have W1 −W2 ≥ 0.8 (38.2+10.7
−9.9 %), suggesting that
mid-infrared color selection using the AllWISE catalog
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Figure 2. WISE light curves of the two variable dwarf galaxies identified in this work. Gray points are the individual
measurements; blue points show the weighted arithmetic mean and 2 times the corresponding standard error of the mean. Left:
NSAID 371667; Right: NSAID 638093. Note the redder-when-brighter behavior, consistent with the brightening being due to
increasing AGN dominance over the host galaxy.
Total g − r W 1−W 2 W 1−W 2 < 0.5 W 1−W 2 ≥ 0.8log10
(
h
−2
M⋆
M⊙
)
count mag mag count (%) count (%)
Dwarf 2197 9.07 ± 0.00 0.478 ± 0.003 0.160 ± 0.003 2169 (98.7+ 0.4
− 0.5) 10 (0.46
+0.32
−0.21)
Control 6591 10.53 ± 0.00 0.681 ± 0.001 0.146 ± 0.002 6434 (97.6+ 0.3
− 0.3) 40 (0.61
+0.18
−0.15)
Dwarf variable 2 9.19 ± 0.01 0.517 ± 0.060 0.675 ± 0.437 1 (50.0+47.5
−47.5) 1 (50.0
+47.5
−47.5)
Control variable 66 10.50 ± 0.02 0.610 ± 0.016 0.670 ± 0.032 18 (27.3+10.4
− 8.8) 25 (37.9
+10.8
−10.0)
Table 1. Number of objects, mean stellar mass, and mean optical and mid-infrared color of the dwarf galaxies
and matched controls examined in this work. Note that the error bounds on the percentage of objects with
W 1−W 2 ≥ 0.8 represent the 90% confidence interval.
misses about half of AGN candidates selected using mid-
infrared variability. Indeed, of the 68 variable objects,
19 have W1 − W2 < 0.5 (27.9+10.3
−8.8 %). These 19 ob-
jects have a mean W1 −W2 that is 0.177± 0.033 mag
redder than the non-variable population as a whole, sug-
gesting some level of AGN contribution to their WISE
colors. These results are consistent with the results
from the Spitzer Deep, Wide-Field Survey (SDWFS;
Koz lowski et al. 2010, 2016), where the mid-infrared
variable sources are seen to extend blue-ward outside
the mid-infrared AGN selection wedge from Stern et al.
(2005), uncovering a new population of AGNs that are
undetected by a commonly employed mid-infrared color
selection.
Although the true percentage of variable dwarf galax-
ies with W1 − W2 ≥ 0.8 cannot be determined with
our sample, the percentage of dwarf galaxies with W1−
W2 ≥ 0.8 that show variability is better constrained.
While 25 of the 40 control galaxies with W1−W2 ≥ 0.8
are variable (63+13
−14%), only 1 of the 10 dwarf galaxies
with W1−W2 ≥ 0.8 is variable (10+29
−9 %), a result that
has a null hypothesis p-value of p = 0.008. Thus, mid-
infrared variability is identifying a smaller fraction of
sources with red mid-infrared colors in the dwarf sam-
ple than in the more massive controls.
3.2. Relationship with Optical Classification
To explore the connection between optical emission
line classification and mid-infrared variability, we cross-
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Figure 3. WISE color-color diagram (left) and BPT diagram (right) of the dwarf galaxies and controls, with variable sources
outlined. We plot the Stern et al. (2012) demarcation as a dashed line in theWISE color-color diagram and the Kauffmann et al.
(2003) demarcation as a dashed line in the BPT diagram. For reference, we include 24′′ SDSS thumbnails of NSAID 638093
and NSAID 371667. Despite the extreme W 1−W 2 color of NSAID 638093, it is optically star-forming, while NSAID 371667,
which is closest to being a BPT AGN, has WISE colors consistent with a typical star-forming galaxy.
matched the NSA coordinates of our dwarf and control
sample to the MPA-JHU catalog for SDSS DR7,7 to
within 1.′′5 to ensure that the measured object center of
the galaxies falls within the 3′′ SDSS fiber. This cat-
alog limits the Balmer line widths to ≤ 500 km s−1,
and so does not contain many broad line objects. To
recover these, we additionally matched our sample to
the specObj table for SDSS DR168 to within 1.′′5 for
the SDSS spectra and 1′′ for the BOSS spectra.9 In
all, of the 2197 dwarfs and 6591 controls, 8595 (97.8%)
have spectra from SDSS/BOSS covering their measured
object centers. We classified the galaxies as either qui-
escent, star-forming, or AGN based on the following cri-
teria:
1. Quiescent: S/N < 3 for any of Hβ, [O iii]λ5007,
Hα, or [N ii]λ6584. If no counterpart in the
MPA catalog exists, then exclude any objects of
CLASS==“QSO”, or SUBCLASS contains “AGN”,
“STARFORMING”, or “STARBURST”. 4791 ob-
jects meet these criteria (55.7%).
7 https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7
8 https://www.sdss.org/dr16/spectro/spectro access
9 https://www.sdss.org/dr16/spectro/spectro basics
2. AGN: S/N ≥ 3 in the four lines listed above and
meeting the Kauffmann et al. (2003) AGN crite-
rion if in the MPA catalog, CLASS==“QSO” or
SUBCLASS contains “AGN” otherwise. 1121 ob-
jects meet this criteria (13.0%).
3. Star-forming (SF): not quiescent and not AGN.
2683 objects meet this criterion (31.2%).
The results of this classification are shown in Table 2.
Although both of the variable dwarf galaxies are emis-
sion line objects, neither of them are optically classified
as AGNs, although as with mid-infrared color AGN se-
lection this sets almost no constraint on the true fraction
of variable dwarf galaxies that are optical AGNs. Nearly
all of the variable control galaxies, however, are optical
AGNs, a result that is highly significant (p ∼ 0.0). Com-
paring the dwarf galaxies to the controls, the probability
of having no optical AGNs in a sample of two variable
dwarf galaxies, given the frequency of optical AGNs in
the variable control galaxies, is only 0.009. We note that
at the median redshift of the dwarf galaxies (z = 0.025),
a 3′′ spectroscopic fiber covers the inner 0.55 h−1 kpc of
the nucleus, while at the median redshift of the controls
(z = 0.135) the fiber covers the inner 2.9 h−1 kpc, or
about ∼ 30 times more area. Optical emission line di-
lution from star formation may therefore be more likely
in the control galaxies for a given star formation rate,
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and so the true fraction of control galaxies with optical
AGNs may be even higher.
As was the case with mid-infrared selected AGNs in
Section 3.1, the fraction of optical AGNs in dwarf galax-
ies that exhibit variability is better constrained, with
an upper limit of < 3.4%. This is statistically incon-
sistent (p = 0.01) with the fraction of optical AGNs in
the more massive control galaxies that exhibit variabil-
ity (5.6+1.3
−1.1%), suggesting that while variability selection
misses the vast majority of optically-selected AGNs in
both samples, it is particularly biased against those in
the dwarf galaxies.
3.3. Comparison with Optical Variability-Selected
AGNs in Dwarf/Low-Mass Galaxies
The results of this study demonstrate that the fraction
of mid-infrared variable sources is significantly lower in
dwarf galaxies than in a higher stellar mass sample of
galaxies controlled for sensitivity to variability, appear-
ing to suggest that there is a drop in the AGN occupa-
tion fraction at the lowest stellar masses. However, a
comparison of AGN identification through optical emis-
sion line and mid-infrared color selection diagnostics re-
veals that AGNs selected using these diagnostics are less
likely to be identified as variable in dwarf galaxies com-
pared to their more massive controls. This suggests that
variability selection is biased against finding AGNs in
dwarf galaxies compared to their more massive counter-
parts, using data with a baseline and cadence similar to
the WISE observations.
To place these findings in the context of AGN candi-
dates in dwarf or low-mass galaxies selected using vari-
ability at other wavelengths, we compare our results to
those of Baldassare et al. (2018), who looked for opti-
cal photometric variability in low mass galaxies selected
from the NSA catalog that fall within SDSS Stripe 82.
The baseline of their data was ∼ 2300 days, or 6.3 years,
similar in scale to the WISE data we employ here. The
light curves produced by Baldassare et al. (2018) typ-
ically have about ∼ 20 individual photometric mea-
surements each, but the majority of these data points
are clustered with a few tens of days separating them,
with the result that the 6.3-year light curves effectively
have about 5–6 epochs (see Figure 2 in Baldassare et al.
2018), giving a cadence of about ∼ 400 days, a fac-
tor of ∼ 2 less frequent than the WISE data excepting
the lacuna between the AllWISE-MEP and NEOWISE-
R data. Baldassare et al. (2018) find 135 AGN candi-
dates out of 28 062 galaxies (0.5%), 35 of which are in
low-mass (M⋆ < 10
10 h−2 M⊙) galaxies, and 12 dwarf
galaxies out of 8941 in their parent sample are cited as
having AGN-like variability. The percentage of dwarf
galaxies in their sample that show optical variability is
therefore 0.13+0.08
−0.06%, where the uncertainties are again
the 90% confidence interval. Although the purpose of
our work is not to perform an exhaustive search for all
dwarf galaxies with mid-infrared variability, our sam-
ple of 2197 dwarf galaxies contains 2 objects that ex-
hibit mid-infrared variability, or 0.09+0.20
−0.07%, consistent
with the optical variability fraction (p = 0.5). While we
do not have access to their exact numbers, Figure 6 in
Baldassare et al. (2018) indicates that there are about
11 000 galaxies withM⋆ > 10
10 h−2 M⊙ in their sample,
100 of which were found to be variable, or 0.91+0.16
−0.14%.
This is also statistically consistent with the value we
find of 1.00+0.23
−0.19% (p = 0.33), suggesting that optically-
selected variability and mid infrared-selected variabil-
ity are similarly effective at finding AGN candidates in
dwarf galaxies when using data with long baselines and
sparse cadences, and that these candidates are about
∼ 10 times less frequent in dwarf galaxies than they are
in larger galaxies.
Recently, Mart´ınez-Palomera et al. (2020) pointed out
that since the driving force of AGN variability likely
arises from the accretion disk, variability timescales
are expected to be significantly shorter for lower mass
black holes expected in dwarf galaxies compared to
more massive galaxies. Indeed, using the black hole
to galaxy stellar mass relation for local AGNs from
Reines & Volonteri (2015), who use h = 0.70, the
mean black hole mass of black holes in our dwarf
galaxy sample is expected to be ∼ 6 × 105 M⊙,
while for the larger controls the expected mean black
hole mass is 2 × 107 M⊙. Because of the low black
hole mass expected in the dwarf galaxy population,
Mart´ınez-Palomera et al. (2020) point out that higher
cadence observations are crucial for optical variability
studies to be effective in finding lower mass black holes.
Using data from HiTS, they find 502 variable sources
in 12 300 galaxies (4%) with a mean stellar mass sim-
ilar to the sample of Baldassare et al. (2018). Both
studies used g-band (∼ 0.5µm) data of galaxies se-
lected from the SDSS, and both studies are sensitive to
variability at about the ∼ 3% level at a g-band mag-
nitude of 20 (see Figure 5 in Baldassare et al. 2018,
Section 5 in Mart´ınez-Palomera et al. 2018). While
Mart´ınez-Palomera et al. (2020) use apertures between
0.′′6–2.′′2, smaller than the 2.′′5 aperture employed
by Baldassare et al. (2018), Mart´ınez-Palomera et al.
(2020) did not find any dependence between aperture
size and variability, suggesting that choice of aperture
is not a significant factor. Mart´ınez-Palomera et al.
(2020), however, use data observed in ∼ 2 hr intervals
over the span of 4–5 consecutive nights, giving a much
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Total Quiescent SF AGN
count count (%) count (%) count (%)
Dwarf 2068 286 (13.8+1.3
−1.2) 1696 (82.0
+1.4
−1.4) 86 (4.16
+0.80
−0.70)
Control 6527 4505 (69.0+0.9
−1.0) 987 (15.1
+0.7
−0.7) 1035 (15.9
+0.8
−0.7)
Dwarf variable 2 0 (0.0+77.6
−0.0 ) 2 (100.0
+0.0
−77.6) 0 (0.0
+77.6
−0.0 )
Control variable 64 5 (7.81+7.91
−4.68) 1 (1.56
+5.64
−1.48) 58 (90.6
+5.2
−8.3)
Table 2. Optical spectroscopic properties of the dwarf and control galaxies
examined in this work.
shorter baseline and a much higher cadence. The differ-
ence in variability fraction of 4% for the higher cadence
HiTS data versus 0.5% for the lower cadence Stripe-82
data suggest that higher cadence observations are about
8 times more sensitive to the presence of an AGN.
4. CONCLUSIONS
We have compared the mid-infrared photometric vari-
ability properties of a sample of dwarf galaxies (M⋆ <
2 × 109 h−2M⊙) to a control sample, matched in mid-
infrared apparent magnitude, of more massive galaxies
(M⋆ ≥ 10
10 h−2M⊙) drawn from the NSA catalog, ver-
sion 1. Our conclusions are as follows:
1. Of the 2197 dwarf galaxies in our sample, we find
only 2 (0.09+0.20
−0.07%) with significant mid-infrared
variability. By contrast, of the 6591 more mas-
sive control galaxies, 66 (1.00+0.23
−0.19%) show mid-
infrared variability, in line with previous mid-
infrared and optical variability studies in higher-
mass galaxies. The null hypothesis that the dwarf
galaxies and controls have the same frequency of
mid-infrared variability has a p-value of 6× 10−6.
We find no statistically significant difference be-
tween the stellar masses of the control galax-
ies that exhibit mid-infrared variability and the
control galaxies that do not, suggesting that the
sharp decline in apparent occupation fraction oc-
curs between stellar masses of 2× 109 h−2M⊙ and
1010 h−2M⊙.
2. The amplitude of variability of the two dwarf
galaxies is similar to that of the controls, with
〈σW1〉 = 0.08±0.01 mag, 〈σW2〉 = 0.18±0.01 mag
for the dwarfs and 〈σW1〉 = 0.11 ± 0.01 mag,
〈σW2〉 = 0.14 ± 0.01 for the controls, consistent
with previous variability studies of AGNs. We find
only a very weak trend (Pearson r = −0.3) of de-
creasing variability amplitude with increasing stel-
lar mass for the controls. In both variable dwarf
galaxies, brightening is associated with a redden-
ing of theirWISE W1−W2 colors, consistent with
increasing AGN dominance over the host galaxy.
3. Of the two dwarf galaxies with mid-infrared vari-
ability, one displays AGN-like mid-infrared colors,
but neither are optically classified as AGNs (ei-
ther through their narrow emission line ratios or
through the presence of broad lines). Only 1 of
the 10 dwarf galaxies with AGN-like mid-infrared
colors is variable, and none of the 86 dwarf galax-
ies classified as AGNs using optical emission line
diagnostics is variable, results that are highly sig-
nificant under the null hypothesis that the fraction
of mid-infrared color-selected AGNs and optically
classified AGNs exhibiting variability is the same
as in the more massive control galaxies (p = 0.008
and p = 0.01, respectively). Optical spectroscopic
and mid-infrared color selection is vastly more ef-
fective at finding AGNs in the low mass regime,
underscoring the inefficiency of low cadence vari-
ability studies in finding AGNs in dwarf galaxies.
Our results are consistent both with previous work ex-
ploring optical variability studies in low-mass and dwarf
using data with a similar baseline and cadence, and with
previous mid-infrared variability studies in larger galax-
ies. While mid-infrared variability may detect AGNs
in dwarf galaxies not detected through other means, it
is extremely inefficient, likely due to the baseline and
cadence of the observations more than the wavelength.
Shorter wavelength variability studies will likely bene-
fit from higher-cadence observations when looking for
AGNs in dwarf galaxies, which are expected to have
variability timescales much shorter than in large galax-
ies owing to their less massive black holes.
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